Seasonal rhythms of reproduction in the Syrian hamster are triggered by the pineal hormone melatonin. By varying the parameters of systemic infusions of exogenous melatonin delivered to pinealectomized hamsters, it has been shown that the hypothalamus is sensitive to the duration of individual signals, which serve as an inverse coding of day length. It also has been shown that animals are sensitive to the temporal structure of a series of signals insofar as a series of melatonin infusions of appropriate number and duration may fail to invoke a gonadal response if they are presented at inappropriate frequencies.
INTRODUCTION
In mammals, seasonal reproductive and metabolic changes are regulated by photoperiodic cues, which are translated into an endocrine signal in the form of the nocturnal secretion of melatonin from the pineal gland. In vivo, the length of the night is reflected by the duration of the nocturnal melatonin signal. The mechanism by which melatonin is able to invoke seasonal neuroendocrine rhythms is not clear. It has been suggested that the circadian phase at which melatonin is encountered by the hypothalamus is important in the interpretation of photoperiodic information and that there is a &dquo;melatonin-sensitive phase&dquo; just before dusk and another just after dawn (Stetson and Tay, 1983; Stetson and Watson-Whitmyre, 1984 ). An alternative interpretation of this apparent phase sensitivity, which was identified by injection of exogenous melatonin into pineal-intact animals, is that it is due to the exogenous melatonin summating onto the endogenous long-day signal, creating a pulse of melatonin of sufficient duration to be read as a short day This interpretation is supported by extensive evidence from sheep, mice, and Syrian and Siberian hamsters that duration, rather than phase, is the most important parameter of that signal (Carter and Goldman, 1983; Bittman and Karsch, 1984; Yellon et al., 1985; Bartness and Goldman, 1988a,b; Dowell and Lynch, 1988; Wayne et al., 1988; Maywood et al., 1990; Grosse et al., 1993) .
However, the duration of a signal and the number of signals encountered cannot alone explain photoperiodic responses; the temporal patterning of a series of signals also can be critical. For example, short-day-like melatonin signals delivered at a high (once every 16 h) or low (every 28 or 32 h) frequency are unable to induce gonadal regression, even though an adequate number of signals is presented. More recently, it has been shown that daily melatonin signals delivered in an unpredictable, random pattern in which each signal falls at one of three different phases of the light:dark cycle are capable of inducing a short-day response (Grosse et al., 1993) . These findings raise an important paradox: In the random infusion experiment (Grosse et al., 1993) , half of the melatonin signals fell at a frequency of once every 16 h and a further quarter at a frequency of once every 32 h. Both of these frequencies have been shown to be incompatible with a short-day response (Maywood et al., 1990; Grosse et al., 1993) . Nevertheless, the random paradigm, with an average frequency of once every 24 h, was an effective short-day stimulus. Therefore, the mecha-nism by which random signals can be interpreted does not appear to rely solely on signal counting or on sensitivity to the interval between successive individual signals; rather, it appears to rely on some property of the series of signals as a whole. This implies that the animal is sensitive not only to the number of melatonin signals of an adequate duration that are encountered but also to the interval of time over which they occur. The circadian clock of the suprachiasmatic nucleus (SCN) might be involved in this latter process.
Although ablation of the SCN prevents responses to short days in Syrian hamsters (Bittman et al., 1979) , this can be explained by the consequential loss of pineal function, and it has been demonstrated that in this species the SCN is not required for seasonal responses to injections or infusions of exogenous melatonin (Bittman et al., 1979; Maywood et al., 1990) . It is clear, therefore, that the circadian clock is not involved in identifying the duration of individual signals. It is not known, however, whether the SCN plays a role in integrating information from a complex series of infusions. The aim of this study, therefore, was to test the hypothesis that the SCN plays no part in this process. If the circadian system is not involved in the measurement of or response to melatonin signals, then it would be predicted that random infusions of melatonin would be equally effective short-day stimuli in SCN-lesioned and intact animals.
MATERIALS AND METHODS
All procedures on experimental animals were licensed under the Animals (Scientific Procedures) Act of 1986 and were conducted in accordance with the University of Cambridge Scientific Procedures on Animals Code of Practice. Adult male Syrian hamsters (Wrights, Chelmsford, United Kingdom) weighing at least 120 g were housed 8 per cage prior to surgery under a long-day photoschedule (light:dark [LD] = 16:8, lights off at 16:00) with food and water available ad libitum. One group of hamsters received bilateral electrolytic lesions directed toward the SCN (SCNX, 2 mA for 5 sec, 2.4 mm anterior to bregma, 7.6 mm below the dural surface, ± 0.3 mm lateral to the midline, incisor bar 5 mm above ear bar). A second group received the same treatment except that no current was passed through the electrode, and the hamsters acted as sham-lesioned controls. Postoperatively, the animals were housed singly After being allowed to recover for 2 weeks, the animals were Figure 1 . Diagrammatic representation of the random infusion paradigm used in this experiment. Each horizontal bar represents 24 h, and the shaded portions indicate the time on each day when the melatonin infusion was delivered. Note that a comparable number of signals were delivered at each of the three phases. Also, to avoid the problem of melatonin signals &dquo;running together,&dquo; an infusion from 16:00 to 00:00 h never was followed by one from 00:00 to 08:00 h. transferred to cages equipped with running wheels, and activity rhythms were recorded for 2 weeks under constant light (LL) of an intensity comparable to that of the light phase of the LD schedule (approximately 200 lux). Wheel running was detected by closure of a micro-switch and was monitored using Dataquest III software (Minimitter Co., Sunriver, OR). Activity was recorded in LL rather than constant darkness to avoid giving any short-day cues prior to infusion of melatonin and to facilitate animal care. The period spent in LL was sufficiently short so as not to induce splitting of activity rhythms (Daan and Pittendrigh, 1976) . The resulting activity traces were analyzed using the PER6 periodogram analysis program (M. Geusz, University of Virginia) to assess the degree of rhythmicity Any lesioned animal whose rhythm had a significant period of between 20 and 28 h subsequently was excluded from the experiment. The remaining arrhythmic animals and the sham-lesioned animals then were returned to the long-day photoschedule and, after a period of 2-4 weeks, were pinealectomized (Hoffman and Reiter, 1965) . Then, 1 week later, each was implanted with a subcutaneous cannula for the delivery of melatonin or saline (for details of the procedure, see Maywood et al., 1990) . All surgical procedures were carried out under Avertin anesthesia (tribromo-ethanol/tertiary amyl alcohol, 1 ml/100 g body weight).
The sham and SCNX animals then were assigned to one of three groups. One group of animals received daily 8-h infusions of melatonin (50 ng/h, dissolved in 0.1% ethanolic saline) at the same phase (08:00-16:00 h) every day (fixed group: sham, n = 10; SCNX, n = 10). A second group received daily 8-h melatonin infusions at one of three different phases: 00:00-08:00h, 08 :00-16 :00 h, or 16:00-00:00 h (random group: sham, n = 10; SCNX, n = 10). (Figure 1 presents a schematic view of this infusion protocol.) This paradigm previously has been shown to be an effective short-day stimulus, producing gonadal regression and low serum levels of gonadotropin in intact animals (Grosse et al., 1993) . A final group acted as controls and received daily 8-h infusions of 0.1% ethanolic saline in either the fixed or random pattern (sham, n = 5; SCNX, n = 5; 3 fixed and 2 random in each case). Cannulae were checked for patency several times daily and replaced as necessary, typically once or twice during the 6 weeks of infusion.
After 6 weeks of infusion, sham-lesioned animals were killed by cervical dislocation, and their testes were removed and weighed as an indication of reproductive status. The lesioned animals were killed by an overdose of Euthatal, and their testes were removed and weighed. The animals then were perfused intraaortically using 0.01 M phosphate-buffered saline followed by 4% paraformaldehyde (PFA). The brains were removed and postfixed for 1 h in 4% PFA, followed by cryoprotection in 20% sucrose overnight. Then, 60-Jlm coronal sections covering the extent of the lesion site and the region of the SCN were cut on a freezing microtome (Anglia Scientific, Cambridge, United Kingdom). The sections were Nissl stained for histological verification of the lesion placement. Effects of infusion and lesion were assessed by ANOVA, and differences between group means were assessed using post hoc Dunnett's t test. 
RESULTS
On the basis of postmortem histology, a number of animals in each SCN-lesion group were eliminated from the analysis because they had sustained incomplete lesions that spared one or both SCNs. Analysis of recordings of wheel-running activity using the PER6 periodogram confirmed that all of the animals identified as SCNX in this study were arrhythmic. Representative examples of the activity traces obtained from SCNX and sham control animals are shown in Fig. 2 . Animals that failed to show a significant period typically had bilateral lesions of > 90% of the SCN, and in all cases the midand caudal regions of the nucleus were destroyed. In some arrhythmic animals, a small portion of the rostral pole of the SCN remained intact, either unilaterally or bilaterally. Data from these animals (partial lesions) were analyzed sepa-rately from those obtained from animals with total lesions of both nuclei. Photomicrographs showing sections from the mid-caudal levels of the SCNs of two representative animals are shown in Fig. 3 . The final sizes of the SCNX groups were as follows: saline = 3 of 5 initially (1 of which had received the random and 2 the fixed infusion paradigm); fixed = 6 of 10; random = 5 (plus 3 partially lesioned animals) of 10. After 6 weeks of infusion, there was a significant difference in paired testes weight (PTW) between treatment groups (ANOVA F = 6.37, p < .001). The PTWs of the various infusion groups are shown in Fig. 4 . All of the animals infused with saline in both the lesioned and sham-lesioned groups had large testes, and although there was a tendency for the lesioned animals to have smaller testes, there was no significant difference in PTWs between sham and SCNX animals given saline (mean PTWs ± SEM: sham = 3.35 ± 0.36 g; Figure 3 . Photomicrographs of representative coronal sections through the mid-caudal regions of the lesioned suprachiasmatic nuclei from 2 animals. The actogram of animal A is shown in Fig. 2A . 3V = third ventricle; PVN = paraventricular nucleus; OC = optic chiasm.
Scale bar 100~. SCNX = 2.4 ± 0.57 g). Within the melatonin-infused groups, the mean PTWs after 6 weeks depended on both the infusion paradigm and whether the animals had received lesions. All of the sham random animals (10/10) and most of the sham fixed animals (6/10) had small testes, and the mean PTWs (± SEM) of both groups (random = 0.82 ± 0.16 g; fixed = 1.94 ± 0.47 g) were significantly lower than those of their respective saline control groups (p < .001). All of the SCNX animals (6/6) that received the fixed infusion also had small testes, and the mean PTW (0.57 ± 0.21 g) was significantly lower than that of the SCNX salineinfused animals (p < .001). From these results, it is clear that both the regular and random melatonin infusion schedules were effective short-day-like stimuli to intact animals. Further, the SCNX animals were able to respond to regular melatonin infusions delivered at the same time of day, every day However, when the random pattern of infusion was combined with the lesion of the SCN, it became ineffective. The randominfused SCNX animals had large testes, and the mean PTW of the SCNX random group (2.43 ± 0.57 g, n = 5) was significantly different from the other melatonininfused groups (p < .001) but not from that of either of the saline-infused groups. In addition, the 3 SCNX random-infused animals that were functionally arrhythmic and were categorized as having partial lesions had a mean PTW similar to that of the animals with complete SCN lesions (2.50 ± 0.27 g). An intact SCN is therefore necessary for animals to respond appropriately to melatonin when the signals are part of a series in which regular 24-h periodicity is absent.
DISCUSSION
Regular daily systemic infusions of melatonin were able to induce a short-day-like gonadal response in pinealectomized male Syrian hamsters. This effect was not compromised by lesions of the circadian clock of the SCN. When delivered to intact animals, the melatonin infusions were equally effective when they were given as a random series with an overall frequency of one signal every 24 h. However, lesions of the SCN (both total and partial) rendered the animals unable to respond to such a random series of signals. It is therefore not possible to conclude that the SCN plays absolutely no role in the neuroendocrine mechanism that responds to a series of melatonin signals.
The potent short-day-like effect of random melatonin infusions observed in the current study confirms a previous report of gonadal regression in response to exogenous melatonin signals delivered on the same schedule (Grosse et al., 1993) . In the present study, the regular pattern of infusion that previously has been used extensively as a short-day-like stimulus (Maywood et al., 1990 (Maywood et al., , 1991 (Maywood et al., , 1992 Grosse et al., 1993; Maywood and Hastings, 1995) was less effective insofar as a few of the animals failed to undergo gonadal involution and the group mean, although significantly below that of saline-infused controls, was not as low as might have been anticipated. It is unlikely that the infusion procedure itself was compromised because the animals with SCN lesions that received the same infusions at the same time exhibited full gonadal regression, as anticipated. The observa- tion that animals bearing lesions of the SCN are able to respond to exogenous, short-day-like melatonin signals delivered daily at the same phase is consistent with previous reports in this species (Bittman et al., 1979; Maywood et al., 1990) .
Earlier observations that the phase of the LD cycle at which melatonin signals are presented is not important (Carter and Goldman, 1983; Maywood et al., 1990; Grosse et al.,1993) and that SCNX Syrian hamsters can respond to daily melatonin infusions or injections (Bittman et al., 1979; Maywood et al., 1990) imply that in this species an intact circadian system is not necessary for the interpretation of the photoperiodic information provided by the melatonin signal. Under natural conditions in the intact animal, the major role for the SCN in photoperiodic time measurement resides in the generation of a nocturnal melatonin signal appropriate to the prevailing photoperiod. However, the novel finding in the current study that lesions of the SCN impair the ability of the animal to respond to a series of signals delivered on a random basis suggests that the circadian system may have a role to play in the interpretation of serial melatonin signals. Al-though a fair amount is known about how the SCN contributes to the generation of seasonal melatonin signals, its role in the latter process is not understood.
One possible way in which a series of melatonin signals is interpreted may be that the SCN forms part of a mechanism that serves as an interval timer, monitoring the number of 24-h periods, which then is compared with the number of melatonin signals encountered. Under normal circumstances, in vivo, signals occur once every 24 h, and, after an interval of around 3 to 4 weeks, neuroendocrine changes can be observed that culminate in gonadal atrophy (Hastings et al., 1987) . It is not yet known how many long duration melatonin signals are needed to initiate such a response, but it is clear that they must occur within a defined interval. If they are encountered too frequently or too infrequently, then no response occurs. In the absence of the endogenous oscillator (i.e., in SCNX animals), other cues, such as the LD cycle itself or the regular periodicity of the melatonin signal, may enable the animal to define 24-h intervals and so integrate the information provided by a series of melatonin signals. In the case of the fixed infusion paradigm, the melatonin infusion always coincided with the dark phase, and so the two cues were consistent and complementary. As a result, the presence of the SCN may not be critical for an appropriate response to occur. However, the random melatonin signal coincided with the dark phase on average only once every 3 days and not at regular intervals. In the intact animal, this asynchrony of two possible cues defining 24 h (LD cycle and the melatonin signals) is not a problem, presumably because the endogenous clock, entrained to the LD cycle, is the principal provider of information required to time 24-h intervals. However, in the absence of the clock, the conflicting information regarding 24-h time intervals provided by the asynchronous cues of the LD cycle and the random melatonin infusions may explain why the randominfused group was not able to show a short-day response. This interpretation of the results suggests that, in vivo, the SCN may synchronize all the various cues that denote 24-h periods. In the absence of the SCN, redundant cues are employed to time 24-h periods, and these cues must provide consistent information to evoke the correct physiological responses.
One test of this hypothesis would be to investigate the ability of SCNX animals to respond to other noncircadian but regular infusion schedules, for example, 8or 10-h melatonin infusions given every 20 h that are known to induce gonadal regression in intact Syrian hamsters (Grosse et al., 1993; Stirland et al., 1995 Stirland et al., , 1996 . If our hypothesis is correct, then SCNX animals would not be able to respond to such infusions because they do not fall at a predictable phase of the LD cycle. A further suggestion that the circadian clock contributes to interpretation of serial melatonin signals is provided by comparisons of the response to melatonin infusions in wild-type and tau mutant hamsters. In the wild-type animal, infusions once every 24 h are a potent short-day-like stimulus, whereas signals encountered once every 28 h are ineffective. In the tau mutant, signals presented once every 24 h are ineffective, but signals given once every 20 h cause full gonadal atrophy (Stirland et al., 1995 (Stirland et al., , 1996 . There- fore, it appears that the mutation of the circadian clock has an impact on the capacity of the animal to express a photoperiodic response to a series of melatonin signals falling at a noncircadian period. This outcome is consistent with the interpretation of the current study that ablation of the clock impairs the ability to respond appropriately to a noncircadian series of signals.
Under normal circumstances in the intact Syrian hamster, the melatonin signal is encountered nightly and the presence of the SCN probably is not vital for the interpretation of photoperiodic information. Its role in photoperiodic time measurement lies in the generation of the endogenous melatonin signal. A similar situation seems to be true for the mink and skunk insofar as lesions of the SCN in these species do not prevent responses to exogenous melatonin (Berria et al., 1988; Bonnefond et al., 1989) . By contrast, there is evidence that in the Siberian hamster, the SCN may be necessary for melatonin signals to be interpreted (Bartness et al., 1991; Song and Bartness, 1996), indi- cating that there may be species-specific differences in the role played by the SCN in the interpretation of photoperiodic cues. In the Syrian hamster, the melatoninresponsive tissue of the dorsomedial nucleus (DMN) of the hypothalamus may be the principal site of action in regulating gonadotropic activity Maywood et al., 1996) . Lesions in this area block gonadal responses to short day lengths and to programmed infusions of melatonin. This region is a major target of the SCN, being a continuation of the SCN output relay, the subparaventricular zone (Watts, 1991) , and so the SCN and DMN might be viewed as components of a neuroendocrine circuit that is sensitive to the critical components of the melatonin signal. In the Syrian hamster, the DMN may identify the duration of the signal independently of the circadian system. At the same time, the SCN not only generates a seasonally appropriate melatonin signal through entrainment to the LD cycle, but also, as suggested by the current study, contributes to the coordinated response to a series of signals. In other species, particularly the Siberian hamster, the SCN may be a more important component of the circuit, perhaps identifying signal duration. Alternatively, in the Siberian hamster, the information provided by the SCN may be a necessary element in directing the response to serial signals, in contrast to the Syrian hamster, in which other cues may suffice in the absence of such information. It is clear from these speculations that a complete understanding of the neuroendocrine basis of seasonality requires more information in at least two areas. First, the formal properties of the mechanisms that identify the duration of the melatonin signal and the period over which a series of signals are encountered need to be defined separately Second, the relative contribution to photoperiodic timing of the various diencephalic structures that express melatonin receptors and how their contribution varies among species has to be examined. The results presented here clearly suggest that the SCN may contribute to photoperiodic time measurement in the Syrian hamster, but in a very specific context: that of recognizing a series of melatonin signals.
